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INTRODUCTION

There are several testing machines around the world which have been used to
simulate the effects of a gun launch on explosive warheads with a base gap (refs
1,2,3,4,5). We restrict to planar air gaps as opposed to cavities in the explosive
material. There has been limited analysis of the relationship between the test
conditions produced in these machines and actual conditions during launches . This
study was undertaken to allow calibration of the Picatinny activator setback testing
machine so that a given test condition can be related to a particular launch condition.

The activator is basically a one-dimensional device. Thus it seems appropriate
to consider a one-dimensional model of the launch as well. It can be aroued that this
represents a worse case situation in the sense that planar gaps are as sensitive in the
activator as the most sensitive case of cavities in the explosive (at least for Comp B).
However, it has been shown in the past that hemispherical cavities in a soft material
placed in contact with an explosive (like Sylgard rubber or even water) can be very
small (radius less than the minimum gap), and still produce ignition, primarily due to
convergence effects. We neglect this case.

LAUNCH CONDITIONS

The one-dimensional model used to represent launch conditions is shown in
figure 1. Above the liner, there is a free surface. This will generally be the case in
artillery shells, as the steel walls move before the fill because of their stiffness. The
air gap is treated as having uniform conditions while the fill is treated as undergoing
elastic-perfectly plastic plane strain (no lateral expansion allowed) (ref 6). Material
properties for the elastic-perfectly plastic model were estimated from high rate triaxial
compression tests on Composition B carried out at ARDEC as well as assorted
handbook values. Because of the interplay between rate of loading and elastic
constants for explosives, the model used should only be considered as representative
of a generic explosive filler, sufficient for elucidating the physics of base gap closure.
Following previous work, we postulate a worse case as being an instantaneously
acquired, steady acceleration of the piston representing the shell base. The
calculated pressure in the air generated by this boundary condition when the fill
column height is 9.7 cm is shown in figure 2 (a and b).

The first rise in air pressure, to P 1, occurs very fast, within 1 or 2 microseconds.
This is rapid enough that a weak shock wave is sent up through the fill. Thus the
compressibility of the fill is important. In fact, the change in length of the explosive is
fairly large compared to the size of the gap when it has achieved maximum
compression. With the shock propagating up the fill column, the pressure in the air
continues to rise until P 2 is obtained, but at a vastly slower rate. This steady rise
continues until the expansion from the top of the fill arrives back at the air gap about
100 microseconds later. As seen in figure 2b, several such pulses will occur,
although, arguably the first is most severe. Finally, the correct hydrostatic pressure
distribution (linearly increasing pressure towards the base) is obtained after 1.2
milliseconds. The air temperature, computed from
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6.8 k [Wi-T fill]

Ax.air

with conductivity given by

0.8
k_= 0.0242 T watts

ý73.1ý6 *meter °K

and AX air= instantaneous gap width

which has been used by a previous author is shown in figure 3. Losses to the shell
were accounted for by doubling the heat transfer to the fill. This attempts to address
the case where an insulative layer is on the shell wall whose thermal properties are
similar to that of the fill. A coarse approach to describing heat transfer is necessitated
by the fact that temperature gradients occur on a length scale quite small compared to
the scale required to describe the dynamics of gap closure. The sophistication of this
simulation, which is intended to follow the dynamics of gap closure, can not
simultaneously treat the temperature gradients. Thus, accurate prediction of explosive
temperatures is not possible and only the average temperature pulse in the air is
obtained. Because the heat transfer is taken as inversely proportional to the
instantaneous gap width, it becomes very large when the gap is fully compressed.
Peak temperature is associated with the initial pressure jump and decays significantly
even while the pressure is still rising towards P 2. Only the initial jump produces
anything like an adiabatic compression, and even this jump is not fast enough for truly
adiabatic temperatures to be obtained. It is clear that the rate of pressure rise
associated with the first jump is crucial to the temperatures which can be obtained.
The value of P2 , by contrast, has little to do with temperature.

Initial pulses always have the form indicated in figure 2a. The small excursion
near the end of this pulse is due to reflection from a heavy liner riding atop the
explosive. Its duration is too short to affect things very much. Variations in P, and P 2
with gap size for 20 KG's and 30 KG's acceleration, and for the 20 KG's case with the
heat transfer arbitrarily reduced to 10% of its regular value is shown in figure 4. The
ordinate scale is pressure divided by the appropriate hydrostatic pressure. Higher
acceleration does not give as large a loading factor as lower accelerations, although
the absolute pressures are higher. In general, variation with gap size is different from
variation with acceleration, but each has a comparable effect on pressure over this
range of gap sizes. The duration of the pressure pulse for all these calculations is
nominally 100 microseconds, which is set by the length of the fill column, and is
independent of anything else. That is, the duration is determined by the time required
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for a (sonic) compression wave to return from the top of the fill as an expansion. This
time is nominally twice the column length divided by the filler sound speed.

The peak temperatures corresponding to the calculations in figure 4 are shown
in figure 5. Between 2/3 mm and 1 mm gap sizes, changes in gap size have a
comparable effect as do changes in acceleration; however, below 2/3 mm gaps, peak
temperature is much more sensitive to gap size than to acceleration. The curve with
10% heat transfer begins to plateau beyond 1 mm gaps, indicative of the adiabatic
compression temperature having nearly been obtained for larger gaps with slow heat
transfer.

The half height width of the temperature pulses in microseconds is shown in
figure 6. The calculated pulses, assuming regular heat transfer, are exceedingly short
(of order 10 microseconds) and decrease with gap size. The slow heat transfer
calculations have a much wider variation in pulse duration, exceeding 60
microseconds with 1 mm gaps.

Changing the heat transfer rate by a factor of 10 affects the calculated air
temperatures dramatically, even though the pressure histories are not greatly affected.
However, even with the slower heat transfer, the peak temperature still coincides with
the first pressure jump to P 1 . The changes caused by assuming slower heat transfer is
a larger peak temperature and a much more gradual rate of decay of temperature.
Because of the dramatic effect of heat transfer on temperature, but secondary effect on
pressure, a simulation of launch conditions needs to focus on reproducing the
pressure pulse, since this will insure the heating effect is about correct. The proper
heat transfer expression will always be in doubt, especially when a variety of fills is
under consideration.

These calculations were based on a worse case scenario of constant
acceleration, which implies that the mass of filler is vanishingly small compared to the
mass of the shell. For the projectile under consideration here, ratio of charge mass to
shell mass can be taken to 0.0715. If the constant acceleration assumption is replaced
by a constant applied force to the shell mass (due to the applied gun pressure), only
small changes in the air pressure pulse are generated. For example, with reference to
the 20 KG's case (1 mm gap), P 1 would decrease by 3.5% and P 2 by 15%. Pulse
duration would stay the same and the first temperature spike is indistinguishable from
that obtained by assuming constant acceleration. When larger charge to mass ratios
are considered, the constant acceleration assumption increasingly overestimates the
conditions in the gap.

The pressure jump to P 1 occurs so fast that the change in shell velocity due to
acceleration is negligible. In effect, the important part of the gap compression occurs
with the relative velocity between the two sides of the gap kept nearly constant. So
pressure rise rate depends strongly on the value of this closing velocity at first jump-up
and its value is plotted in figure 7. It only depends on gap size and acceleration and
appears to be the most important parameter associated with gap compression. Values
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range between 10 and 25 M/S which sets the required piston velocity needed in any
setback testing machine.

A summary of the important parameters associated with the first pressure rise is
given in table 1. Any setback tester needs to be able to match these parameters.

ACTIVATOR TESTING

The Picatinny activator is shown schematically in figure 8. The mass of the
hammer (slightly over 2 kg) would require a driving pressure of 8.84x10-2 GPa
(12835 psi) to achieve an acceleration of 20 KG's. In order to operate at less pressure,
the hammer section is made to impact a drift, which ultimately closes the gap. In this
way the drift is shock accelerated, and effectively closes the gap with a high initial
velocity. The hammer velocity is achieved using only 2.07x10-3 GPa driving pressure,
making operation simple with bottled compressed air. However, determining the
stimulus level in the gap now becomes complex, and numerical simulation is
required. The simulation treats the hammer and drift as made from 1.14 GPa yield
steel undergoing plane stress. Any initial pressure distribution in the hammer, caused
by its acceleration after the restraining shear pins break, has been neglected. Thus,
the initial condition is the hammer, having zero pressure, but a given velocity (related
to free run), in contact with the drift having zero velocity. A shock propagates from the
contact, setting the drift in motion. Then the drift compresses the air gap against the
sample, which is perfectly confined in a cup and modeled exactly the same as for the
launch case. Heat transfer from the air is also treated the same as before. The end of
the drift is assumed to have the same conductivity as the explosive (the end of the drift
needs to be insulated for this to be trje).

Results for a hammer velocity of 7 M/S driving a 1 mm air gap are shown in
figure 9 (a through f). This simulation indicates that after the first reverberation of the
shock through the drift, the drift velocity exceeds the hammer velocity although a
considerable vibration is trapped in the drift. Then, as the drift slows due to
compression of air in the gap, the trailing hammer, which has not yet lost much
velocity, impacts it a second time, providing a large crushing effect on the sample.
The pressure pulse in the air gap is shown in figure 9a. The peak pressure is greater
than 0.9 GPa (130,000 psi) and the entire pulse lasts about 550 microseconds. The
velocity of the gap end of the drift is displayed in figure 9b. An oscillation due to drift
vibration is visible during the early drift motion. Then, after the second impact of the
hammer, severe vibrations occur during the crushing. The compression stroke of the
gap end of the drift is shown in figure 9c. The stroke is noticeably larger than the gap
dimension and significant compression of the sample occurs. The computed
temperature in the air is shown in figure 9d. High temperature occurs along with the
first pressure rise, to about 0.037 GPa, then the air is cool over most of the
compression stroke. A very small temperature rise occurs as a result of the second
impact. The position of the surface of the sample during the stroke is shown in figure
9e. It is compressed almost 1 mm by the air pressure. Lastly, pressure on the back
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wall of the sample confinement is shown in figure 9f. For all practical purposes, it is a
carbon copy of the air pressure.

In this simulation, the end of the drift undergoes regular vibrations in velocity
between 10.8 M/S and 14.7 M/S while it closes the gap. The rapid jump-up in
pressure starts when the velocity is about 13 M/S. If the goal is to have the drift
velocity match those given in table 1, thus coming close to creating nearly launch-like
conditions, then the drift vibrations make this goal essentially impossible and add a
random aspect to the experiment. That is, very small changes in the time at which the
pressure jump-up occurs can cause it to happen at a significantly different velocity.
Further, the maximum crushing effect on the sample has a pressure about seven times
the maximum value achieved during a launch at 20 KG's for the column height under
consideration. This is a rather severe over-pressure.

The drift velocity from the 7 M/S hammer is on the low side of closing velocities
in table 1. Higher velocities are needed. A simulation with hammer speed of 14 M/S
is shown in figures 10a through 1Of for a 1 mm gap. Figure sequence corresponds to
the previous usage. At this velocity, the yield strength of the steel is exceeded,
causing the pressure pulse to have a flat-topped appearance. The gap end of the drift
now oscillates between 18.4 M/S and 30.0 M/S, with the first pressure occurring
when the velocity is 23.2 M/S and reaching 0.07 GPa. Peak temperature is about
1450 K, compared to only 1220 K for the 7 M/S case and 1480 K for the 30 KG's
launch with 1 mm gap. The total explosive compression reached about 1.1 mm and,
again, the back wall pressure is a carbon copy of the air pressure.

These results show the activator produces pressure pulses that are much larger
than expected during launch. However, the critical first pressure rise can be made to
mirnic. that in the launch by proper choice of hammer velocity and (as will be shown)
drift length. However, it is vitally important that the huge crushing effect of the hammer
on the totally confined sample be removed in order to have a similarity between
events in the activator and those during launch.

A first attempt to remove the huge pressures in the activator, is to stop the
hammer after it sets the drift in motion. Simulation with a 14 M/S hammer which is
removed after the drift has moved 0.25 mm is shown in figures 11 a through 11 f. This
is equivalent to having the drift barely protrude from a heavy, rigidly supported cylinder
which is capable of stopping the hammer. The crushing effect of the hammer is thus
removed; however, the drift is thrown back into the stopped hammer repeatedly. The
air pressure is shown in figure 11 a. Obviously, the pressure pulse is much smaller
and shorter than before, lasting about 78 microseconds. The first pressure rise is to
7.0 GPa and occurs when the drift velocity is 18.7 M/S. However, the velocity of the
end of the drift is undergoing a strong deceleration at that moment due to its vibration
and so the first pressure rise appears softer than it needs to be if it is to replicate a
launch. Peak temperature is affected by this vibration. Ultimately a maximum
pressure of 45 GPa is obtained. The strong drift vibrations and pressures which are
still too high show this alone cannot siriulate launch conditions.
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The vibrations in the drift can be eliminated by choosing the drift to be equal to
or shorter than the hammer. Then the drift is fully accelerated to rigid body motion in
one reverberation, and all vibrations are trapped in the hammer. Secondly, a direct
method of controlling the duration of the pulse is to increase the length of the sample
to actual size and have a free surface boundary condition opposite the air gap end. In
addition, it helps to have as long a drift as practical. For the Picatinny activator, a
7.62 cm long drift was chosen. This configuration was modeled and a typical result
is shown in figure 12a through 12e for a hammer speed of 14 M/S and 1 mm air gap. A
clean first pressure rise to 0.091 GPa, followed by a triple terraced deceleration before
the expansion from the sample free surface arrives at 130 microseconds is shown in
figure 12a. The terraces result because deceleration of the drift occurs via wave
motion passing back and forth within it (remember the hammer is no longer in contact
with the rear of the drift when the drift closes the gap, so the rear has become a free
surface boundary ). The closing velocity of the drift at the gap is shown in figure 12b. A
uniform, constant velocity of 25.4 M/S is produced by the hammer impact which
persists until the pressure jump-up occurs near 50 microseconds. The loss in gap end
drift velocity at pressure jump-up is 2.57 M/S (10.1%). The drift end moves around 2
mm during the pressure pulse as shown in figure 12c and the calculated temperature
spike associated with the pressure pulse, with a peak value of 1525 K and pulse width
at half height of 8.46 microseconds is shown in figure 12d. The velocity of the surface
of the sample, which is first accelerated by the air pressure and then by the reflected
expansion from the free surface at the other end is shown in figure 12e. A large
vibration is trapped in the sample.

A matrix of simulations was made for this new design and results are presented
in figures 13 through 16. The drift closing velocity generated by a given hammer
velocity is shown in figure 13. Over this range, the yield stress of the steel is not
exceeded, so this line can be calculated without need of the computer simulation. The
simulation can handle cases where the yield is exceeded, however. The manner in
which P1 depends on hammer velocity is shown in figure 14. The small difference
displayed by the 1/3 mm gap is due to changes made to the simulation to suppress a
numerical instability which appeared when the initial gap size became too small. The
calculated peak air temperaturp is shown in figure 15 and the pulse width of the
temperature spike is shown in figure 16. Calculated sample exit velocities for 1 mm
gaps are shown in figure 17, and range upwards of 50 M/S. Provision for catching
these samples is necessary. These curves constitute a calibration of the activator. For
example, consider the 20 KG's launch with a 2/3 mm gap. Calculated conditions in the
gap are given in table 2. Each parameter can be matched by the activator using a
narrow band of hammer velocities as shown. Note that matching the closing velocity
produces exactly the correct temperature: however, the P 1 pressure appears slightly
low. As noted before, in the activator, the drift decelerates somewhat as the pressure
jump-up occurs. By assumption, nothing like this can happen in the constant
acceleration launch, since the motion of the left side of the gap is artifically imposed.
Initial deceleration of the drift occurs because the steel shows some compressibility
effects at these pressures. If the base of the shell in the constant acceleration
calculation were endowed with compressible properties, undoubtedly some similar
effect would occur. Probably, the best choice is to match P 1 in the activator with that in
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the launch for a given gap. Thus, a hammer velocity of 10.3 M/S simulates a 20 KG's
launch for a 2/3 mm gap based on this approach. In the case of very slow heat
transfer, some allowance needs to be given to the fact that the activator pressure pulse
rings down with a series of three terraces, whereas the launch pulse has a rising
plateau characteristic. One can require the lowest of the terraces match the launch P 2

to ensure a conservative assessment of ignition criteria. An appropriate hammer
velocity to achieve this can be chosen using the model.

CONCLUSION

A one-dimensional, constant acceleration simulation of the launch of a short
column height projectile with base gap has been exercised, and the important physics
of the gap air compression determined. While the peak pressure depends on gap size
and acceleration, as expected, it also depends strongly on the compressibility of the
explosive fill, which had been previously pointed out in reference 7. The peak air
temperature depends primarily on how rapidly the first pressure jump occurs, as this
jump only requires a few microseconds. The value of pressure at the end of this first
pressure jump does not depend on the column height of the explosive.

Computer modeling of the activator has suriaced some problems with the
design that cause vibrations which affect test results. Suggestions for removing these
problems have been introduced to the model and calculations completed which
provide a means of relating activator free run to launch conditions. It is clear that the
free run mode can provide gap conditions equivalent to launches even at very high
accelerations. An exact duplication of the launch pressure time history, as calculated
with the constant acceleration assumption, is not possible, but a very close
approximation can be achieved. The modified design removes the great overpres-
sures present in virtually all previous setback testers.
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Table 1. Computed conditions for launch

Gap Acceleration P1  Uclosing
(mm fK.." 1.-3M B) WM.S$

1.00 20 0.80 20.0
30 0.97 24.0

0.67 20 0.64 16.1
30 0.79 20.0

0.33 20 0.49 11.2
30 0.56 14.4

Table 2. Comparison of activator with launch

Uclosing Uhammer P1  Tmax Duration
WMI LM/. _UB1.M.. U Lmicrosec)

20 KG's 16.1 0.64 1243 10.7

Launch

Activator 16.1 9.0 0.552 1243 6.76

Activator 18.75 10.3 0.64 1300 8.08

Activator 12.9 7.13 0.431 1132 10.7
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